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Measurements o f  the  inf luence of hyd ros ta t i c  pressures up t o  
25 k i  lobars on the terminal  duct i  l e - b r l  t t l e  t r a n s i t i o n  temperature 
o f  powder meta l lurgy tungsten wi re o f  commercial p u r i t y  have been 
c a r r i e d  out f o r  annealing temperatures o f  131OoC and 16OO0C. The 
t r a n s i t i o n  temperatures (8OoC and 190°C respec t ive ly )  f o r  these 
vacuum annealed condi t ions are unaffected, w i t h i n  the  accuracy o f  
measuring T by pressure cycl ing.  I n  contrast ,  previous r e s u l t s  
f o r  a h igher  annealing temperature, g i v i n g  a coarser grained s t ruc-  
ture,  showed a depression i n  T 
the  pe r fec t i on  of  substructure i n  determining the in f luence of pres- 
sure i s  being invest igated fur ther .  Analogous observations f o r  a 
tungsten-1% t h o r i a  a l l o y  vacuum annealed a t  20OO0C and 220OoC showed 
no measurable change i n  Td (l3OoC and 18OoC respec t ive ly )  on pres- 
sure cyc l ing.  The o p t i c a l  microst ructures i n d i c a t e  that ,  even a t  
22OO0C, the f i b e r  s t ruc tu re  i s  not completely removed. As f o r  the 
tungsten, h igher  annealing temperatures a r e  being used i n  f u r t h e r  
inves t iga t ions  and t h i n - f o i l  observations made o f  the substructures 
devel oped. 
d’ 
of the  order  of  5OoC. The r o l e  o f  d 
I n  the case of the model system iron-carbon su i tab le  methods 
o f  specimen preparat ion and observat ion o f  y i e l d  behavior i n  tens ion 
have been establ ished f o r  large specimens (0.15 i n  gage diameter x 
1 in .  gage length) f r o m  which t h i n  foil specimens can be prepared 
d i r e c t l y .  Tests on annealed specimens of a Fe-O.O65%C a l l o y  cycled 
up t o  20 k i l oba rs  show the  expected successive lowering o f  the s t ress 
fo r  y i e l d i n g  and the e l im ina t ion  o f  the upper y i e l d  po in t ,  and con- 
f i r m  the se lec t i on  o f  t h i s  p a r t i c u l a r  model system. Fur ther  observa- 
t i o n s  of pressure e f fec ts  on y i e l d  behavior are being made, espec ia l l y  
for  the mic ro-y ie ld  range, and re la ted  t o  associated changes i n  sub- 
s t rue t u  re. 
! 
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1. INTRODUCTION 
Promising p o s s i b i l i t i e s  f o r  improving the mechanical 
behavior o f  the re f rac to ry  metals - i n  p a r t i c u l a r ,  those i n  Group V I A  - 
have now ar isen  as the r e s u l t  o f  observations of the  e f f e c t s  of h igh  
hyd ros ta t i c  pressure on the mechanical behavior of metals and a l loys .  
The phenomena o f  i n t e r e s t  cons is t  i n  (a) e f f e c t s  on terminal  behavior, 
t h a t  i s  on the proper t ies  measured a t  atmospheric pressure a f t e r  the  
application o f  a h igh pressure cyc le  (1 ’2 ) ;  and (b) e f f e c t s  of  enhancing 
p l a s t i c i t y  of s o l i d  mater ia l  at high pressure‘’). The l a t t e r  i s  c u r r e n t l y  
be ing exp lo i ted  i n  such processes as hydros ta t i c  or  ramless ex t rus ion  (4) 
and shows considerable promise f o r  t he  co ld  shaping of mater ia ls  which 
can normal ly be worked on ly  a t  elevated temperature o r  not a t  a l l ,  and 
f o r  the improvement o f  ex t rus ion  e f f i c i ency ,  d i e  l i f e  and the  un i fo rm i t y  
of cold-working throughout the mater ia l  extruded. Appl icat ions o f  hydro- 
s t a t i c  forming t o  product ion processes have already been reported (5) . 
Hydros ta t i c  pressure cyc l i ng  d i f f e r s  i n  that ,  w h i l e  no shape change occurs 
i n  the  metal subjected t o  the cycle, f o r  c e r t a i n  metals the terminal  mech- 
an i ca l  p roper t ies  e x h i b i t  changes such as t o  f a c i l i t a t e  subsequent plas- 
t i c  deformation. 
The present research program on the e f f e c t s  o f  hyd ros ta t i c  
pressure on the  s t r u c t u r e  and mechanical behavior o f  body centered cubic 
metals (NASA Grant No. NsG-654) was begun on June 1, 1964, w i t h  the  
i n i  t l a l  ob jec t ives  o f  (a) t e s t i n g  the  d i s l o c a t i o n  generat ion model pro- 
posed t o  account f o r  the substant ia l  decrease i n  the y i e l d  s t ress o f  i r o n  
carbon a l l o y s  observed a f t e r  pressure cyc l ing ;  and (b) i nves t i ga t i ng  the  
response of tungsten and tungsten-thor ia a l l o y s  to such pressure t rea t -  
ment. 
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The studies a t  Case dur ing the f i r s t  year o f  the present 
research program (6y7) showed by transmission e lec t ron  microscopy 
observat ion t h a t  new d i s loca t i ons  are developed a t  second phase p a r t i c l e s  
i n  i r o n  and iron-carbon a l l oys  as the r e s u l t  o f  the a p p l i c a t i o n  o f  hydro- 
s t a t i c  pressures i n  the range from 5 t o  20 k i l o b a r s  a t  room temperature. 
These resu l t s ,  which have since been pub1 ished(8), support the hypothesis 
t h a t  the changes i n  y i e l d  behavior found i n  i r o n  a f t e r  subject ion t o  
h igh hyd ros ta t i c  pressures a r i s e  from the generat ion o f  mobile d i s loca - .  
t i o n s  by the l oca l i zed  stress concentrat ions developed a t  the i n te r faces  
between second phase p a r t i c l e s  and the  m a t r i x  as a consequence o f  the 
d i f f e r e n t  l i n e a r  compress ib i l i t i es  o f  the two phases. However, the 
r e s u l t s  a l so  show t h a t  the nature and arrangement o f  t he  d i s l o c a t i o n  
arrays which form i s  more complex - 
and l a r g e r  p a r t i c l e s  - than had been expected. 
espec ia l l y  f o r  t he  higher pressures 
The p rec i se  in f luence o f  
p a r t i c l e  type and morphology, i n  a d d i t i o n  t o  the magnitude o f  the peak 
pressure, i n  determining th is  complexity i s  thus f a r  from clear.  As 
p a r t  o f  the e f f o r t  t o  develop t o  a q u a n t i t a t i v e  model f o r  the d is loca-  
t i o n  generation hypothesis, pre l iminary ca l cu la t i ons  were made o f  t he  
l o c a l  stress concentrat ions developed a t  second-phase p a r t i c l e s  (and 
voids) i n  an i s o t r o p i c  ma t r i x  subjected t o  external  hyd ros ta t i c  pressure. 
I n  a d d i t i o n  t o  the  d i r e c t  observat ion o f  d i s l o c a t i o n  gen- 
e r a t i o n  i n  i ron,  a pre l iminary study was made o f  c o m e r c i a l  p u r i t y ,  
powder meta l lurgy tungsten - as an important r e f r a c t o r y  metal which 
i s  b r i t t l e  i n  the annealed condi t ion a t  room temperature and pressure - 
t o  determine i t s  response t o  pressure cyc l ing.  
a f t e r  pressure c y c l i n g  annealed tungsten w i r e  t o  13 k i lobars,  the d u c t i l e -  
The r e s u l t s  showed t h a t  
b r i t t l e  t r a n s i t i o n  temperature (determined from constant s t r a i n - r a t e  
tens i 
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0 e studies a t  temperatures from 27 - 20OoC) exh ib i ted  a decrease 
o f  some 5OoC compared w i t h  t h a t  f o r  s i m i l a r  uncycled mater ia l .  Corres- 
ponding t o  these observations, the s t ress -s t ra in  curves o f  the  pressure 
cycled wi res showed a decrease i n  y ie ld-drop, although the drop was not  
completely el iminated. The s t ruc tu re  o f  the  f i n e  wi res (0.030 in.  d ia-  
meter) could not  then be examined by t ransmission e lec t ron  microscopy, 
bu t  the study of t h i n  f o i l s  prepared from tungsten sheet made from the  
same type o f  stock showed t h a t  the concentrat ion o f  impur i ty  p a r t i c l e s  
was extremely low, which was considered t o  be a poss ib le  f a c t o r  i n  the 
f a i l u r e  t o  e l im ina te  the  yield-drop. 
manufacturer showed a much higher concentrat ion o f  such p a r t i c l e s .  
Analogous marked va r ia t i ons  i n  p a r t i c l e  content were observed i n  t h i n  
f o i l s  prepared f r o m  commercial-purity molybdenum sheet obtained from 
powder meta l lurgy and from arc-melt ing stock. 
S im i la r  p u r i t y  sheet from another 
During the  second year of the  program (beginning 1 June 
1965), the ob jec t ives  have been t o  (a) study pressure e f f e c t s  on i r o n  
and iron-carbon a l l o y s  as being a model system f o r  the  i nves t i ga t i on  o f  
t he  mechanism o f  d i s loca t i on  generation under hydros ta t i c  pressure and 
of the var iab les  c o n t r o l l i n g  the magnitude and nature o f  the e f f e c t ;  
and (b) cont inue the study o f  the e f f e c t  o f  pressure on d u c t i l e - b r i t t l e  
behavior by i nves t i ga t i ng  the inf luence o f  sub s t ruc tu re  and second-phase 
p a r t i c l e s  i n  tungsten and tungsten-thoria a l loys .  This extended inves- 
t i g a t i o n  has involved a second graduate ass is tan t ,  M r .  P. Trester  who 
j o i n e d  the research program i n  September 1965, i n  add i t i on  t o  the f i r s t  
graduate ass is tan t ,  Mr .  e .  Das, who jo ined  the  program i n  September 1964. 
I n  addi t ion,  H. L1. D. Pugh, the Head of the  P l a s t i c i t y  D iv is ion ,  Nat ional  
Engineering Laboratory, U.K, ,  who i s  p a r t i c u l a r l y  w e l l  known f o r  h i s  
s tud ies  of mechanical behavior and forming processes a t  h igh  pressure, 
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has been appointed as the Republic Steel  Corporation Dis t inguished 
V i s i t i n g  Professor a t  Case f o r  the academic year 1965-66. During t h i s  
year he i s  p a r t i c i p a t i n g  i n  the current  study of pressure e f fec ts  on 
s t ruc tu re  and mechanical behavior o f  bcc metals. 
The present repor t  describes the research c a r r i e d  ou t  
I 
I 
dur ing the six-month per iod beginning 1 June 1965. During t h i s  per iod,  
t he  p r i n c i p a l  research e f f o r t  has been d i rec ted  t o  the e f f e c t s  o f  
pressure cyc l i ng  up t o  25 k i lobars  on d u c t i l e - b r i t t l e  t r a n s i t i o n  behavior 
i n  tungsten and tungsten- 1% t h o r i a  a l loys .  I n  addi t ion,  measurements 
o f  pressure e f f e c t s  on the  discontinuous y i e l d  phenomena i n  h igh  p u r i t y  
iron-carbon a l l o y s  have been i n i t i a t e d  as p a r t  o f  the study of  quant i -  
t a t i v e  re la t i onsh ips  between pressure, d i s l o c a t i o n  s t ruc tu re  and changes 
i n  the  y i e l d  charac ter is t i cs .  
1 
i 
2. TUNGSTEN AND TUNGSTEN-THORIA ALLOYS 
Subsequent t o  the  prev ious ly  reported(7) observat ion o f  a 
decrease i n  the  duc t i  l e - b r i t t l e  t r a n s i t i o n  temperature (Td ) of annealed 
tungsten w i r e  specimens (Material W-3, 0.030 in.  diameter) brought about 
a pressure cyc le  t o  13 k i lobars ,  a more de ta i l ed  study o f  the  t r a n s i t i o n  
behavior o f  t h i s  mater ia l  was undertaken w i t h  the  ob jec t i ve  o f  determin- 
i n g  the  magnitude o f  the e f f e c t  more prec ise ly .  
ments were made on specimens annealed i n  vacuum i n  a tanta lum-st r ip  
res is tance furnace (Brew Model No. 1064) a t  temperatures o f  1310° and 
165OoC, and subsequently reduced by e lec t ropo l  i sh ing  t o  0.025 in. d ia-  
meter along a 1 inch gage length. 
l n s t r o n  machine a t  a crosshead speed o f  0.025 in .  min. from room 
temperature to  2OO0C, showed that  Td was greater  than 2OO0C f o r  both 
t h e  annealing temperatures used. 
These e a r l i e r  measure- 
\ 
The t e n s i l e  tes ts ,  c a r r i e d  o u t  i n  an 
- 1  
I n  the present study, a l a rge r  number 
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of specimens (56) was annealed as a s i n g l e  batch t o  minimise poss ib le  
v a r i a t i o n s  i n  proper t ies due t o  any s l i g h t  d i f f e rences  i n  condi t ions i n  
successive annealing runs. The preparation, measuring and t e s t i n g  o f  
t e n s i l e  specimens from these was ca r r i ed  out i n  the  manner described 
p r e v i ~ u s l y ' ~ ) ,  except f o r  the use o f  a r o t a r y  e lec t ropo l i sh ing  j i g  
designed t o  a1 1 
eously. As we1 
f a c i l i t a t e s  the 
constant value. 
w up t o  22 specimens t o  be electro-machined simultan- 
as speeding up the preparat ion process, t h i s  technique 
con t ro l  o f  the f i n i shed  gage diameter t o  the desired 
The r e s u l t s  of t e n s i l e  t e s t s  on three such batches annealed 
a t  131OOC are shown i n  F igure 1 i n  the  form o f  y i e l d  stress, f r a c t u r e  s t ress 
and reduct ion i n  area versus t e s t  temperature, As can be seen, the r e s u l t s  
f o r  the d i f f e r e n t  batches p l o t  on the same curves. However, i n  contrast  
w i t h  the previous data f o r  t h i s  annealing temperature, the t r a n s i t i o n  tem- 
pe ra tu re  i s  much lower - i n  the  region o f  8OoC ra the r  than above 2OO0C - 
and the y i e l d  s t ress a t  a given t e s t  temperature i s  a l so  lower. Furthermore, 
t e n s i l e  tes ts  on specimens from these three batches which were cycled t o  
pressures o f  14 and 25 k i l o b a r s  a f t e r  annealing, showed no change i n  y i e l d  
o r  t r a n s i t i o n  behavior, w i t h i n  the experimental e r r o r ,  from the as-annealed 
specimens. The hyd ros ta t i c  pressure c y c l i n g  experiments were conducted i n  
a modi f ied p ls ton-cy l inder  apparatus i n  the manner described prev ious ly  
To ensure tden t l ca l  t e s t  condit ions, successive t e n s i l e  tes ts  a t  a given 
(6,7) 
temperature were c a r r i e d  ou t  a1 ternate1 y on "as-annealed" and "annealed 
and pressure-cycled" specimens; whenever posslble,  a minimum o f  two t e s t s  
f o r  each cond i t i on  was used. The r e s u l t s  f o r  s i m i l a r  t es ts  c a r r i e d  out  
OR specimens annealed a t  9600 C and pressure cycled t o  15 k i l oba rs ,  shown 
i n  F igure 2, a l so  gave a lower t r a n s i t i o n  temperature (190OC) than t h a t  
found prev ious ly  f o r  a s i m i  l a r  anneal ing  temperature o f  1649OC (Td > 20OOC). 
0 
Likewise, no change i n  y i e l d  o r  t r a n s i t i o n  behavior was apparent for  
the  annealed and pressure-cycled specimens. 
The d i f f e rence  i n  y i e l d  and t r a n s i t i o n  behavior from the  
e a r l i e r  r e s u l t s  f o r  nominal ly s i m i l a r  annealing temperatures suggested 
t h a t  the  actual  temperatures were h igher  i n  the  e a r l i e r  annealing 
experiments. Metal lographic examination o f  long i tud ina l  micro-sections 
along the diameter o f  wi res f r o m  the var ious annealing batches has con- 
f i rmed t h i s  view. F igure 3a shows the long ribbon-shaped gra ins  o r  
" f ibers"  observed i n  the  specimens annealed a t  1310 C (corresponding t o  
the t e n s i l e  data 
more equi-axed s t ruc tu re  o f  the specimens annealed a t  16OO0C (Figure 2 data). 
The former temperature i s  i n  t he  range i n  which l i g h t  and transmission 
e lec t ron  microscopy o b s e r v a t i ~ n s ( ~ ) h a v e  r cent ly  estab l  ished t h a t  anneal i ng 
occurs by strain- induced migrat ion o f  the boundaries o f  the long r ibbon- 
shaped gra ins ( f i b e r s )  present i n  the  as-drawn wire. I n  the  reg ion o f  
15OO0C, t h i s  leads t o  the formation o f  a more equiaxed g r a i n  s t ruc tu re  
and a t  h igher  temperatures growth and coarsening o f  t h i s  s t ruc tu re  takes 
place. Thus, the  s t ruc tu res  found i n  the present specimens correspond 
c l o s e l y  t o  these observations. I n  contrast ,  the e a r l i e r  annealed s t ruc-  
tu res  show anornolously coarse grains f o r  the  temperatures intended 
(Figure 3c - nominal ly 131OoC, and F igure 3d - nominal ly 1649OC). 
par ison  o f  the microst ructures and proper t ies  ind icates t h a t  the  actual  
temperatures a t  which these s t ructures developed were both w e l l  above 
160OOC. 
p r i m a r i l y  from erroneous thermocouple readings due to Contamination o f  
t he  couple used a t  the t ime of  these experiments. 
0 
given i n  Figure 1 )  and F igure 3b the  coarser-grained, 
Com- 
I t  i s  now bel ieved tha t  t he  incor rec t  temperatures resu l ted  
The d i f f e r e n t  responses t o  pressure-cycl ing shown by the d i f f e r e n t  
annealed s t ruc tu res  suggests that  t he  pressure-induced lowering o f  the 
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t r a n s i t i o n  temperature may be qu i te  s p e c i f i c  i n  t h a t  i t  w i l l  occur i n  
t h i s  commercial p u r i t y  tungsten only when r e c r y s t a l l i s a t i o n  and g r a i n  
growth has proceeded t o  the p o i n t  a t  which the s t r u c t u r e  has a low 
concentrat ion o f  dislocation-sources which can become operat ive on 
s t r a i n i n g  the mater ia l .  That i s ,  the mater ia l  i s  source-poor, as i s  
genera l ly  the case f o r  annealed iron. (The p o s s i b i l i t y  t h a t  s l i g h t  var ia-  
t i o n s  i n  impur i ty  ex i s ted  between the e a r l i e r  and l a t e r  wires tested 
cannot be discounted, bu t  must be considered u n l i k e l y ) .  
response o f  tungsten t o  pressure cyc l i ng  encountered here i s  not  unique 
among r e s u l t s  reported f o r  pressure e f f e c t s  on mechanical behavior. Thus, 
Bu l l en  e t  a1 (lopll) have indicated tha t  the ' d u c t l l i s i n g '  o f  chromium by 
pressure c y c l i n g  can a l s o  be s p e c i f i c  t o  p a r t i c u l a r  batches o f  the metal. 
Attempts t o  reproduce the e f f e c t  i n  a t  l eas t  t h ree  other  laborator ies a re  
known t o  have been unsuccessful. Bul len e t  a1 a l s o  observed t h a t  the 
d u c t i  1 i t y  o f  pressure-cycled chromium i s  s e n s i t i v e  t o  the s t r a i n  r a t e  used 
i n  the  t e n s i l e  t e s t i n g  - annealed chromium cycled t o  10 k i l o b a r s  was found 
t o  be d u c t i l e  when tested a t  0.002 mino', e i t h e r  d u c t i l e  o r  b r i t t l e  a t  
0.005 min-', and b r i t t l e  a t  0.01 and 0.05 mln-l .  However, t h i s  does not  
appear t o  be as important a fac to r  i n  the case o f  the l tungsten discussed 
above, since reduclng the s t r a i n  r a t e  (crosshead t r a v e l )  by a f a c t o r  o f  10 
from the normally used sate o f  0.025 in. min t o  0.0025 in. min gave no 
measurable change i n  the  duct% 'I i t y  o r  o ther  t e n d  l e  c h a r a c t e r i s t i c s  (see 
F igu re  2 f o r  the tungsten annealed a t  l6OO0C). 
The v a r i a b l e  
-1 -1 
The nature o f  the y i e l d  drop I n  tungsten i s  o f  p a r t i c u l a r  
importance t o  the general problem o f  the f a c t o r s  con t ro l  1 ing  f l o w  and 
s t r e s s  and y i e l d  phenomena i n  th is  metal. The appearance o f  d i s t i n c t  
y i e l d  drops i n  p o l y c r y s t a l l i n e  tungsten i s  we l l  known t o  be e r r a t i c  (see 
f o r  example re f ,  12) and It has not yet  been c l e a r l y  associated w i t h  a 
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p a r t i c u l a r  i n t e r s t i t i a l  impur i ty  element. I n  h igh  p u r i t y  s i n g l e  c rys ta l s ,  
as prepared by electron-beam zone-ref in ing techniques, discontinuous y i e l d  
i s  observed only  f o r  c r y s t a l s  or iented w i t h  t h e i r  ax i s  o f  s t ress ing close 
t o  (1  10) o r i e n t a t i o n  - other  o r i en ta t i ons  show smooth homogeneous 
y i e l d  a t  considerably lower stress leve ls(13) .  
c h a r a c t e r i s t i c s  do not appear t o  be associated w i t h  the presence o f  impur i t y  
elements and the c o n t r o l l i n g  mechanism i s  as yet  unknown. A poss ib le  f a c t o r  
compl icat ing the i n t e r p r e t a t i o n  and understanding o f  y i e l d  i n  po l yc rys ta l -  
l i n e  tungsten o f  commercial p u r i t y  i s  t h a t  annealing textures i n  tungsten 
f requent ly ,  and p a r t i c u l a r l y  for w i reso  e x h i b i t  (110, d i r e c t i o n s  p a r a l l e l  
t o  the  d i r e c t i o n  o f  deformation. 
I n  t h i s  case, the y i e l d  
Analogous studies o f  the e f f e c t s  o f  pressure c y c l i n g  on the t e n s i l e  
behavior o f  tungsten conta in ing a d e l i b e r a t e l y  added second phase, a 
tungsten 9 1% t h o r i a  a l l o y  (Material W-4; commercial p u r i t y  0.030 in. diameter 
wi res prepared by powder metal lurgy techniques) have been i n i t i a t e d  f o r  var ious 
annealing condi t ions.  Specimen preparat ion and t e s t i n g  i s  being ca r r i ed ,ou t  
i n  a s i m i l a r  manner t o  tha t  used f o r  the tungsten, except f o r  the use o f  
h igher  annealing temperatures and appropr iate modi f icat ions t o  the e lec t ro -  
p o l i s h i n g  method f o r  shaping the t e n s i l e  specimens. The r e s u l t s  o f  t e n s i l e  
t e s t s  up t o  225 C 
and 220OoC are  given i n  Figures 4 and 5 respect ive ly .  
t r a n s i t i o n  temperature (Td ) increases from some 130 C f o r  the 2000 C 
annealed cond i t i on  t o  18OoC f o r  the 220OoC condl t ion.  
specimens t o  15 and 20 k i l oba rs  respect ive ly  f o r  these two condi t ions 
gave no measurable change i n  the magnitude o f  the t r a n s i t i o n  temperatures. 
L i g h t  micrographs o f  longi tud ina l  cross-sections from specimens annealed 
a t  these two temperatures (Figure 6) show t h a t  the 1% t h o r i a a l l o y  annealed 
0 0 on tungsten - 1% t h o r i a  wires vacuum annealed a t  2000 C 
I t  i s  seen t h a t  the 
0 0 
Pressure c y c l i n g  
a t  20OO0C (Figure sa) s t i l l  e x h i b i t s  a " f i be r "  s t r u c t u r e  o f  o n l y  s l i g h t l y  
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wider elongated gra ins  than shown i n  tungsten annealed a t  1310 C. 
Annealing a t  2200 C r e s u l t s  i n  a coarser elongated g r a i n  s t r u c t u r e  
(Figures 6b and 6c), bu t  w i t h  more i nd i ca t i ons  of  f i b e r  s t r u c t u r e  
remaining than observed i n  tungsten annealed a t  the much lower temper- 
a tu re  o f  16OO0C (Figure 3b). 
t h a t  even a t  2200 C r e c r y s t a l l i s a t i o n  o f  the  a l l o y  i s  not ye t  complete so 
tha t ,  as discussed e a r l i e r  f o r  some o f  the tungsten,the pressure-induced 
d i s l o c a t i o n  generation mechanism may be inopera t ive  o r  i n e f f e c t i v e .  As 
f o r  the tungsten, c l a r i f i c a t i o n  of t h i s  p o i n t  should come w i t h  the study 
o f  mater ia l  annealed a t  h igher  temperatures and the examination o f  the 
d i s l o c a t i o n  s t ruc tu re  of  the  w i r e s  by th in  f o i l  e lec t ron  microscopy. 
0 
Thus, the  o p t i c a l  m ic ros t ruc tures  i n d i c a t e  
0 
3. IRON-CARBON ALLOYS 
Fol lowing the prev ious ly  reported t h i n  f o i l  elec- 
tron microscopy observations o f  pressure-induced generation of  d is loca-  
t i o n s  i n  iron-carbon a1 loys i n  the spheroidised(6’8) and quench-aged (7) 
cond i t ions ,  the study o f  t h i s  model system has been continued w i t h  
measurement o f  the  corresponding e f f e c t s  on discontinuous y i e l d i n g  i n  
tension. This p o r t i o n  o f  the research i s  being undertaken p r i n c i p a l l y  
by M r .  Trester ,  who jo ined  the program i n  September 1965. 
The e a r l i e r  measurements o f  terminal  y i e l d  behavior were 
c a r r i e d  ou t  on machined t e n s i l e  specimens o f  small s i z e  (0.05 in .  gage 
diameter by 0.33 In .  gage length) ” )  o r  on small diameter w i r e s  (0.048 in. 
diameter)(2); In order  t o  improve the accuracy o f  the s t ress -s t ra in  
measurements i n  the m i c r o s t r a i n  and y i e l d  regions and t o  f a c i l i t a t e  
t h i n - f o i l  microscopy observations d i r e c t l y  on the t e n s i l e  specimens, a 
l a r g e r  specimen s i ze  was selected f o r  the  cur ren t  work. The t e n s i l e  
specimen i s  a 1-3/4 in. long button-head type, w i t h  a 0.150 in .  gage 
- 1  0- 
diameter and a 1 in.  gage length. Th is  la rge  s i ze  w i l l  permit,  i n  
p a r t i c u l a r  f o r  specimens stressed below the macro-yield region, a 
c o r r e l a t i o n  o f  sub-structural  changes w i t h  a l t e r a t i o n s  i n  i n i  t l a l  
p l a s t i c  behavior induced by pressure cyc l ing.  I t  i s  an t i c ipa ted  
t h a t  t h i s  approach w i l l  c l a r i f y  the dynamic r o l e  o f  the  f resh  d i s l o -  
cat ions and/or sources introduced. 
The i n i t i a l  t e n s i l e  measurements have been d i rec ted  t o  
es tab l i sh ing  su i tab le  specimen preparat ion and tes t i ng  procedures, and 
t o  measuring the suppression o f  y i e l d i n g  i n  these h igh  p u r i t y  i r o n  
carbon a l l o y s  compared w i t h  t h a t  i n  the  commercial p l a i n  carbon s tee ls  
inves t iga ted  prev ious ly " ) .  
s t ress- re l ieved bar  (590OC for  1 hour) ,  vacuum gnnealed a t  667OC 5 . 
f o r  1 hour and f i n i s h  ground. Before t e n s i l e  tes t ing ,  a l l  specimens are  
checked f o r  dimensions and alignment on a I N D l  - AC e l e c t r o n i c  gage 
ind ica tor .  Two types o f  t e n s i l e  loading r i g s  i n  an l ns t ron  constant 
s t r a i n - r a t e  machine were t r i e d  on the  annealed specimens - a simple 
extension bar  device f i t t e d  d i r e c t l y  t o  the  f i x e d  and moving stages o f  
t h e  machlne, and a concentr ic  ax ia l  loading r i g  designed t o  f a c i l i t a t e  
the  sel f -a l ignment o f  the  specimen. I n  the  s t ress-s t ra in  observations 
w i t h  these r i g s ,  s t r a i n  was measured both from cross-head t r a v e l  and from 
e l e c t r i c a l  resistance s t r a i n  gages, and concen t r i c i t y  o f  loading was deter-  
mined from 4 s t r a i n  gages placed a t  90 
Current ly,  the specimens a re  machined from 
0 i n t e r v a l s  around the  specimen 
diamter. The r e s u l t s  showed that  the  a x i a l  loading r i g  gave considerably 
more consis tent  resu l ts ,  espec ia l l y  for  the  upper y i e l d  behavior, which i s  
p a r t i c u l a r l y  sens i t i ve  t o  misalignment. Consequently, despi te  the greater  
complexi ty and d i f f i c u l t y  of using t h i s  device, i t  was adopted f o r  sub- 
sequent t e s t s  of pressure cyc l ing  e f fec ts .  
when care i s  taken over the a x i a l i t y  o f  loading, the upper y i e l d  p o i n t  i s  
I t  i s  w e l l  known t h a t  even 
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a d i f f i c u l t  parameter t o  measure accurate ly  and reproducibly,  However, 
f o r  the present purposes, quan t i t a t i ve  comparisons o f  d i f f e r e n t  condi- 
t i o n s  can most u s e f u l l y  be made from measurements of  the  lower y i e l d  o r  
a f l ow  stress,  which can be measured accurately.  
The e f f e c t s  o f  pressure cyc l i ng  on the  y i e l d  behavior of an 
annealed i r o n  - 0.065 wt.% carbon a l l o y  tested i n  the  a x i a l  r i g  a re  
i l l u s t r a t e d  i n  F igure 7 f o r  maximum pressures o f  8.7 and 20 k i lobars .  
The successive lowering o f  the stress f o r  y i e l d i n g  and the  e l im ina t i on  
o f  the upper y i e l d  p o i n t  a t  the highest pressure a re  apparent (these 
curves represent the  average of t w o  t e s t s  each f o r  8.7 and 20 k i l o b a r s  
and 5 t e s t s  for  the  as-annealed mater ia l .  A f u r t h e r  fea tu re  o f  t he  
curves, p a r t i c u l a r l y  marked fo r  the h ighest  pressure, i s  the apparent 
dev ia t ion  from a l i n e a r  s t ress-s t ra in  re la t i onsh ip  a t  comparatively low 
stresses. This  r e s u l t  i s  q u a l i t a t i v e l y  i n  keeping w i t h  the  d i s l o c a t i o n  - 
generat ion hypothesis, but  more prec ise  s t r a i n  measurements i n  the low 
s t ress  reg ion a r e  needed for  a quan t i t a t i ve  analysis.  
ments a re  to  be made. 
phe r i c  pressure are  shown i n  Figure 8 as a func t i on  o f  peak pressure. The 
r e s u l t s  f o r  the  O.OSS%C a l l o y  are i n  keeping w i t h  those expected although 
t h e  present data i s  too l i m i t e d  t o  de f ine  the  pressure dependence o f  the 
decrease i n  y i e l d  s t ress 
c r i t i c a l  pressure and a sa tura t ion  e f f e c t  a t  h igher  pressures. 
of the resu l t s  confirms the  choice o f  the  h igh  p u r i t y  iron-carbon a l l o y s  
as a model mater ia l .  I n  contrast ,  an annealed 0-18% carbon s tee l  ( A I S 1  1018) 
showed very l i t t l e  change i n  y i e l d  cha rac te r i s t i cs  a f t e r  sub jec t ion  to  a 
pressure o f  15 k i l oba rs  (see Figure 8). Th is  unexpectedly small response 
i s  being inves t iga ted  fu r the r  f o r  i t s  poss ib le  r e l a t i o n  t o  the subst ructure 
Such measure- 
The changes i n  y i e l d  s t ress from t h a t  a t  atmos- 
- i n  p a r t i c u l a r  the ex is tence o f  an i n i t i a l  
The nature 
developed by the p a r t i c u l a r  annealing processused f o r  t h i s  s tee l .  
w i l l  be 
t rans i t 
a1 loys. 
e l  ec 
t i o n  
spec 
4. FUTURE WORK 
During the next six-month pe r iod  o f  the programp e f f o r t  
continued on the  e f f e c t s  o f  pressure on the  d u c t i l e - b r i t t l e  
on behavior of commercial p u r i t y  tungsten and tungsten-thor ia 
P a r t i c u l a r  a t t e n t i o n  w i l l  be pa id  t o  the nature o f  t he  d i s l o -  
c a t i o n  substructure o f  the annealed mater ia l  as def ined by t h i n  f o i l  
ron microscopy, changes induced i n  I t  by pressure. and the re la -  
o f  these t o  t r a n s i t i o n  behavior. Some Work on annealed rod 
mens w i l l  be conducted i n  an attempt t o  c l a r i f y  the possBbBe 
in f luence o f  p re fe r red  o r ien ta t i on .  I n  the case o f  the iron-carbon 
a l l oys ,  t he  study of  the changes i n  y i e l d  behavior as a f u n c t i o n  o f  
volume p ropor t i on  o f  the second phase and peak pressure w i l l  be continued, 
I n  the a l l o y  showing the maximum e f fec ts ,  attempts w i l l  be made t o  r e l a t e  
q u a n t i t a t i v e l y  the nature of the d i s l o c a t i o n  s t r u c t u r e  and the y i e l d  be- 
hav ior ,  espec ia l l y  i n  the microy ie ld  range. 
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FIG. 1 :  E f f e c t  of  t e s t  temperature on t e n s i l e  p r o p e r t i e s  of tungsten 
w i r e  annealed a t  13100C. (a )  As-annealed, (b) cycled t o  
14 k i l o b a r s ,  (c) cycled t o  25 k i l o b a r s .  
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FIG. 2: E f f e c t  o f  t e s t  tempera ture  on  t e n s i l e  p r o p e r t i e s  of t u n g s t e n  
w i r e  annea led  a t  16OO0C. (a) as-annealed, (b) c y c l e d  t o  
15 k i l o b a r s .  S o l i d  d a t a  p o i n t s  r e f e r  t o  c rosshead t r a v e l  
a t  0.0025 in .  p e r  m i n .  A l l  o t h e r  d a t a  a t  0.025 in .  p e r  m i n .  
1 oox 
(a) Annealed a t  131OOC. 
1 oox 
( c )  Nominally annealed a t  
"13 1 O°C". 
FIG. 3. Microstructures o f  tungsten w 
indicated temperatures. Long 
1 oox 
(b) Annealed a t  160OoC 
1 oox 
( d )  Nominally annealed 
a t  "1649°C". 
res  annealed a t  
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FIG. 4: Effect of test temperature on tensile properties of 
tungsten-1% thoria wire annealed at 20OO0C. 
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FIG. 5: E f f e c t  o f  t e s t  temperature on t e n s i l e  proper t ies  o f  
tungsten-1% t h o r i a  w i r e  annealed a t  220OOC. 
(a) as-annealed, (b) cycled t o  20 k i lobars .  
. .  " .  - 
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(a) Annealed a t  20OO0C. 
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(b) Annea 1 ed a t  2200OC. 
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(c)  Annealed at 220OoC 
FIG. 6. Microstructures of tungsten - 1% t h o r i a  wires annealed 








FIG. 7: E f f e c t  o f  cycl ing to indicated pressures on t e n s i l e  y i e l d  
behavior i n  annealed i r o n  - 0.065 wt .% carbon a l l o y  
(averaged curves - see t e x t ) .  
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FIG. 8: Dependence o f  y i e l d  s t r e s s  on maximum p r e s s u r e  
i n  t h e  c y c l e .  
